Purpose Neurocognitive impairment is frequently observed among acute lymphoblastic leukemia (ALL) survivors within the domains of intelligence, attention, processing speed, working memory, learning, and memory. However, few have investigated treatment-induced changes in neurocognitive function during the first months of treatment. Additionally, dysfunction during treatment may be preceded by changes in biomarkers measured within cerebrospinal fluid (CSF). Identification of acute declines in neurocognitive function, as well as predictive genotypes or biomarkers, could guide therapeutic trials of protective interventions. Methods This study collects CSF while prospectively assessing neurocognitive functioning (working memory, executive function, learning, processing speed, and attention) of ALL patients using the Cogstate computerized battery at six time points during and after the 2 years of leukemia treatment on a Dana-Farber Cancer Institute ALL Consortium trial. Results Baseline data collected during the first 3 weeks of induction chemotherapy indicate reliable data as all subjects (N = 34) completed Cogstate baseline testing, while completion and performance checks indicate that 100 % of subjects completed testing and complied with test requirements. The majority (85 %) exhibited normal function compared with age peers. Preliminary analysis of CSF biomarkers (folate, homocysteine, 8-isoprostane, and myelin basic protein) similarly reveals values at baseline within expected normal ranges. Conclusions The first month of induction therapy for ALL is a reliable baseline for detecting treatment-induced changes in neurocognitive functioning. Consequently, serial data collection might identify subgroups of ALL patients at increased risk for neurocognitive decline, warranting proactive interventions to improve their level of functioning both during treatment and into survivorship.
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Background
Curative treatment for children with acute lymphoblastic leukemia (ALL), either with cranial irradiation or with chemotherapy only, frequently leads to measurable neurocognitive deficits among survivors, including the domains of attention, processing speed, executive functioning, and quality of life [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Furthermore, additional research spanning 2 to 32 years off treatment has identified medical and demographic variables, such as young age at diagnosis, intensity of CNS-directed therapies, length of follow-up, and gender as salient risk factors [21] [22] [23] [24] [25] [26] [27] [28] . In specific, a longitudinal assessment of neurocognitive function among ALL survivors that began during treatment, at the end of treatment, and 2 years into survivorship found that survivors as a group performed within age expectations on several measures; however, a significant increase in learning problems was identified between the assessments while on treatment and survivorship, while survivors continued to demonstrate attention impairments that significantly and negatively impact real world functioning [29] . Consequently, there remain subgroups of ALL survivors that are at increased risk for neurocognitive declines and it is imperative to more clearly elucidate these cohorts.
Preclinical and translational studies [30] [31] [32] [33] [34] [35] have expanded our understanding of the pathophysiology underlying cognitive decline and are leading to the development of protective interventions. However, while there is a moderate body of literature documenting late cognitive effects, observed years after the conclusion of therapy, relatively little is known about neurocognitive changes that occur early during leukemia therapy, when interrupting the pathophysiologic processes might prevent further chemotherapy-induced cognitive decline. Relevant questions that remain to be answered include the following: what proportion of children with ALL exhibit abnormalities while on therapy; at what point in therapy do these deficits become manifest; and how do deficits evolve during and after the completion of therapy.
Cogstate, a battery of computer-based tests selected specifically to assess domains of neurocognitive function that have been previously found to be impaired among childhood leukemia survivors, may be particularly well suited for the purpose of detecting treatment-induced neurocognitive decline and may also utilize the same subtests across the age groups. Although Cogstate is new relative to Bpencil and paper^neu-ropsychological instruments for assessing changes in pediatric neurocognitive functioning, there is an extensive body of literature [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] illustrating that it has construct validity (i.e., correlation with conventional neuropsychological tests) and criterion validity (i.e., ability to correctly identify subjects with known impairment) [40, 41] , absence of cultural bias [36] [37] [38] [39] , and absence of practice effects [42] [43] [44] . Notably, this battery of tests is highly sensitive to subtle changes in functioning induced by of neuroactive compounds [45] . The Cogstate normative dataset was last updated in February 2016, and the pediatric normative data are drawn from a database of over 55,000 healthy children, though not all Cogstate tests and all ages are included in that database. For pediatric age groups in the 4 to 17 year range, separate age bins were created for each individual year given maturational changes in cognition over the course of child and adolescent developments. The pediatric normative sample for subjects aged 4 to 17 years is based on a healthy population of children and adolescents enrolled in a series of dedicated normative studies as well as other research and academic studies and are clustered into gender and year-based intervals. The normative sample was collected on the basis of aggregated data from many studies, with participants recruited from countries in North and South America, Europe, Asia, and Australia.
This pilot study was conducted to demonstrate the feasibility of using Cogstate during treatment for leukemia. We sought to establish that a time point during the first month of treatment can be a valid baseline from which to detect treatment-induced changes by demonstrating that patients exhibit function similar to the normative population at this time point, despite the recent diagnosis of ALL. This early time point was chosen because it precedes the majority of neurotoxic therapy in the post-remission consolidation phases, specifically high-dose intravenous methotrexate and repeated intensive CNS-directed therapy, such as intrathecal Methotrexate.
In addition, we analyzed biomarkers in cerebrospinal fluid (CSF) thought to relate to the pathophysiology of treatment-induced cognitive decline. Our longitudinal study will determine whether changes in these biomarkers will track with declines in cognitive function over the course of treatment for ALL. For that reason, we sought to establish baseline values for these biomarkers in CSF collected from the same population of children undergoing therapy for ALL.
Design and methods

Subjects
Children between the ages of 5-21 years with ALL, enrolled on, or treated according to Dana-Farber Cancer Institute (DFCI) ALL Consortium protocol 11-001 BRandomized Trial of IV SC-PEG asparaginase and IV Oncaspar in Children with Acute Lymphoblastic Leukemia or Lymphoblastic Lymphoma^were eligible for a companion study BSerial Neurocognitive Screening of Children and Adolescents During Treatment for Acute Lymphoblastic Leukemia (ALL) on the DFCI ALL Consortium Study 11-001.^Patients known to have any of the following conditions were excluded: active meningitis, poorly controlled seizures, neurodevelopmental disorder (e.g. autism), congenital condition associated with intellectual disability (e.g., trisomy 21), or serious concomitant systemic disorders (including active infections) that would compromise the patient's ability to complete the study. The institutional review boards of the treating institutions approved both clinical protocols. Patients provided informed consent over the age of 18 and by younger subjects' guardians. Written assent was provided if age appropriate, following institutional guidelines.
The Cogstate battery
Cogstate is a battery of computer-based tests (Table 1) selected specifically to assess domains of neurocognitive function that have been previously found to be impaired among childhood leukemia survivors. Participants completed each 20-25 min computerized neurocognitive evaluation (Table 2) supervised by a research team member. To reduce participant burden and facilitate data collection, all baseline assessments were carried out using a laptop computer at the bedside for those receiving inpatient care during the first 4 weeks of medical treatment. The timing of all planned Cogstate assessments and CSF collections is indicated in Table 2 . The baseline assessment (C1) was conducted within the first month after initiation of leukemia therapy, once the patients were medically stabilized. This baseline assessment specifically precedes the more neurotoxic therapy in post-remission consolidation phases, including high-dose intravenous methotrexate and repeated intrathecal chemotherapy.
Cerebrospinal fluid biomarkers
CSF collection for biomarkers was an optional research study for participants enrolled on DFCI protocol 11-001. For participants who consented to the collection of these samples, CSF was collected prior to the administration of intrathecal chemotherapy in a volume equal to the volume of chemotherapy to be administered. Two to 3 mL were placed on ice immediately The Groton Maze Learning test is a measure of problem solving and reasoning and uses a well-validated maze-learning paradigm. In this test, the subject is shown a grid of boxes on a computer screen. A pathway is hidden among these locations. Each box represents move locations, and the grid refers to the box array. Subjects are required to find the hidden pathway guided by search rules. These rules are as follows: do not move diagonally, do not move more than one box (i.e., do not jump), and do not move back on the pathway. At each step, only the most recently selected box is shown. Feedback is given with visual and auditory cues (green check marks and red crosses) to indicate whether the selected box is correct or incorrect. The software records each move as an error or as a correct move. The Continuous Paired Associate Learning test is a measure of visual associate memory and uses a well-validated paired associate learning paradigm in which the subject must learn the locations of a number of amoeba-like shapes on the computer screen. This test consists of a single amoeboid shape displayed in the center of the screen surrounded by a number of blue-filled circles. In the exposure phase of the test, all of the to-be-remembered pattern-location associations are presented on the computer screen simultaneously. After a 5-s delay, a pattern is shown in the central location and this signals that the subject should touch the location in the periphery that contains the same pattern. This process continues until the participant has acknowledged all of the pattern-location associations. The learning phase begins with the same test display presented during the exposure phase except that now all of the peripheral locations are shown as blue spheres. One of the patterns presented in the exposure phase is presented in the center location. With the presentation of this pattern, the subject is required to select the peripheral location where an identical pattern is hidden beneath the blue sphere. This process continues until the correct location of each pattern is found. Finding the correct location for all patterns in the set is defined as a learning trial. The software records each move as an error or as a correct move.
after collection and centrifuged within 60 min in order to remove cellular elements. The supernatant was stored at −70 and shipped on dry ice for analysis. Samples for this pilot analysis were collected at the time of initial diagnosis, day 18 of induction phase, and at the end of induction (day 32). Homocysteine, folate, S-adenosyl-methionine and Sadenosyl-homocysteine, and homocysteic acid and homocysteine sulfinic acid were measured by HPLC, as previously described. ELISA was used to measure 8-isoprostane, a marker of oxidative stress (Cayman Chemical, Ann Arbor, MI) tau protein (Invitrogen, Carlsbad, CA) and myelin basic protein (LifeSpan Biosciences, Seattle, WA).
Statistical analyses
To demonstrate the feasibility of using Cogstate during treatment for leukemia, we assessed the willingness of participants to consent to the study, as well as the ability of the participants to successfully perform Cogstate. Successful performance was defined as completing each test in a manner that complied with test requirements. Performance check criteria were specified a priori in order to identify scores that indicated either the participant did not understand the test instructions or the participant was not cooperative. Performance check criteria are derived statistically such that when trained and supervised appropriately, the relevant study population will achieve the said criterion for the respective task 90 % of the time when they are demonstrating the appropriate level of effort.
We assessed the proportion of children evidencing impaired cognition at baseline. Although the criteria for impaired test performance varies, scores of 2 or more standard deviations (SDs) below the population mean are commonly interpreted as within the impaired range based upon the normal curve distribution. As such, cognitive impairment was defined as test performance of 2 or more SDs below the population mean. This more conservative approach also minimized the risk of type 1 error given the number of tests included. When using cognitive assessment as a screening tool for further assessment, there might be a greater willingness to tolerate type 1 error in order to ensure that no child with potential cognitive difficulties is missed. As Fig. 1 illustrates, the distribution of Cogstate scores is predominantly considered to be within normal limits as defined by ±1 standard deviation around the population mean.
Descriptive statistics were employed for patient characteristics and baseline Cogstate performance. Analysis of variance was used to test for a time effect on CSF biomarker levels, with post hoc unpaired t tests to compare later time points with CSF collected at initial diagnosis, prior to any chemotherapy. 
Results
Eighty percent of patients with ALL who were approached consented to participate in the companion neurocognitive testing protocol. Between January 2013 and February 2016, 34 patients enrolled at four sites in the DFCI ALL Consortium. The median age was 9 years (range 5-19), 72 % of the participants were male and 61 % were white (black = 8 %, Asian = 6 %, mixed = 14 %, other = 11 %). Sixty percent were non-Hispanic. These 34 patients were significantly older than the median patient enrolled on DFCI 11-001 (median = 4.2 years, n = 240, P < 0.001), due to the eligibility requirement of age ≥5 for Cogstate testing. There were no other statistically significant differences between the demographic characteristics of these 34 patients and the larger cohort of 240 patients. Insurance type was utilized as a proxy for socio-economic status; 58 % of the participants having a private health insurance. Participants were classified after induction by risk level (standard risk = 38.9 %, high risk = 55.6 %, very high risk = 5.6 %) and 97 % of them were right handed. All enrolled subjects completed Cogstate testing during the first 3 weeks of induction chemotherapy. Completion and performance checks indicate that 100 % of subjects completed the battery of tests and complied with test requirements. Analyses of overall performance reveal that 29 of 34 subjects (85.3 %) performed within the non-impaired range at baseline on all 5 subtests, while 5 subjects (14.7 %) performed within the impaired range (≤2 SD) on 1 of the 5 subtests compared with age peers. Specifically, the distribution of scores on the five Cogstate subtests indicates performances solidly within normal limits (±1 SD) for the majority of subjects at baseline: Continuous Paired Associate Learning (CPAL) mean z-score = −0.153, SD = 1.27; Detection (DET) mean z-score = −0.005, SD = 0.995; Groton Maze Learning (GML) mean z-score = −0.548, SD = 0.923; Identification (IND) mean z-score = 0.161, SD = 1.28; and One Back (ONB) mean z-score = −0.538, SD = 0.921 (Fig. 1) . Further investigation into the distribution of scores reveals a similar pattern of impairment when the criteria are set more liberally. Specifically, the percentages of children evidencing impairment were as follows: 12.5 % on CPAL, 12.5 % on DET, 6.3 % on GML, 9.4 % on IND, and 0 % on ONB when the threshold is 1.5 SD and 18.8 % on CPAL, 21.9 % on DET, 12.5 % on GML, 15.6 % on IND, and 3.1 % on ONB when the threshold is 1 SD (Fig. 1) . Furthermore, an examination of the distribution reveals that performance was most frequently impaired on the Detection (processing speed), Identification (attention), and Continuous Paired Associate Learning (associate learning) subtests (Fig. 2) . As of February 2016, over 900 CSF samples have been received from patients treated on or according to DFCI ALL protocol 11-001, including 260 samples collected during the initial phase (induction) of therapy. At baseline (Fig. 3) , all biomarkers approximate the published normal ranges (shown as green dotted lines). Total CSF folate decreases significantly by day 18 (P < 0.0001, two-tailed paired t test) and remains below normal at the end of induction (P < 0.001). None of the other tested biomarkers changed significantly during the month of induction therapy.
Discussion
We have demonstrated that neurocognitive testing of patients receiving treatment for ALL is feasible-with a high Fig. 3 Preliminary analysis of CSF biomarkers (folate, homocysteine, 8-isoprostane and myelin basic protein) during induction therapy participation rate among those approached and 100 % completion by those enrolled. This finding of high participation and even higher completion is particularly promising given the traditionally poor compliance with neuropsychological testing seen in many US cooperative group studies. Additionally, the computer-based format is engaging to children and adolescents as well as being both focused in domain assessment and brief in duration. Furthermore, serial testing can be performed across the wide age range eligibility by trained non-psychologists using the same assessment instrument without having to switch test measures based upon the age of the subject. Lastly, serial assessments using Cogstate also benefit significantly from the ability of the software to change the stimuli within each test, thereby minimizing any practice effect from repeated exposure, which is not possible with paper and pencil test measures.
These findings provide evidence that the first month of induction therapy for ALL is a reliable baseline for detecting treatment-induced changes in neurocognitive functioning. Despite a recent diagnosis of ALL, the majority of subjects in this pilot study were generally not impaired compared to age peers. Similarly, analysis of CSF biomarkers demonstrates that samples collected during the induction phase are within expected norms, indicating a reliable baseline for detecting treatment-induced changes. The one exception is the total CSF folate, which decreased from pretreatment to day 18 of induction. Given that cytarabine is given intrathecally on day 1 and no intrathecal methotrexate is given prior to day 18, it is not immediately apparent why this decrease in folate occurred. However, the absence of an increase in CSF homocysteine in this same time period suggests that there is no significant change in cellular folate physiology.
The overall goal of this study is to characterize treatmentinduced changes in cognitive functioning early during the treatment of children with ALL. This study is designed to test the hypothesis that subclinical changes in cognitive function early in treatment are predictive of cognitive deficits among survivors. Analysis of genetic polymorphisms in candidate genes [37] will detect those patients with inherited susceptibility to neurotoxicity. Moreover, the correlation of treatmentinduced changes in neurocognitive functioning with CSF biomarker changes may point to targetable pathophysiologic processes. Consequently, these data will hopefully support a clinical trial of pharmacologic and/or behavioral interventions proactively administered to at-risk subgroups to prevent deterioration of neurocognitive function among children with ALL. As an example, the NMDA antagonist memantine is a potentially beneficial intervention that has shown promise in our preclinical model [18] . Thus, early identification of patients at risk for cognitive decline is an essential first step in the design of such preventive intervention trials. In conclusion, it is our intention and hope that this study, once completed, will allow us to describe subclinical changes in neurocognitive functioning, early in ALL therapy, when an intervention might prevent further decline. 
